In vitro excystation is often used as a measure of viability of encysted protozoan parasites. Parasites that do not excyst in vitro are assumed to be non-viable and non-infectious, whereas those that do excyst are assumed viable. To test the validity of these assumptions, Cryptosporidium parvum oocysts were excysted in vitro using two different excystation protocols, and the non-excysted intact oocysts were isolated using flow cytometry. Non-excysted sorted oocysts readily infected neonatal CD-1 mice. Increasing the duration of the excystation assays from 1 h to 3 h resulted in a higher percent of excysted oocysts, but the remaining non-excysted parasites were still capable of infecting neonatal CD-1 mice. Our results suggest that in vitro excystation is not an accurate measure of the viability or infectious potential of C. parvum oocysts. ß 2000 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
Introduction
Cyst formation is an important life cycle strategy used by many protozoan parasites to ensure transmission and successful infection of susceptible hosts. The viability or infectious potential of encysted protozoan parasites is often measured using in vitro excystation assays. In vitro excystation has been used as an indicator of the viability or infectious potential of water-borne protozoan pathogens such as Cryptosporidium parvum [1^6], Giardia lamblia and G. muris [7, 8] . It is generally assumed that parasites that excyst in vitro are viable and therefore infectious, whereas those that do not excyst are non-viable and therefore non-infectious.
In order to validate these basic assumptions, C. parvum oocysts were excysted in vitro and the non-excysted parasites were sorted by £ow cytometry and evaluated for their ability to infect neonatal CD-1 mice, using established animal infectivity protocols [9^11] . In this study, we report that oocysts of C. parvum that do not excyst when subjected to the established in vitro excystation assays retain their ability to infect neonatal CD-1 mice. The data suggest that the basic assumptions regarding in vitro excystation, as a measure of the viability or infectious status of C. parvum oocysts, are not valid.
Materials and methods

Parasites
The Iowa strain of C. parvum was used in this study (originally isolated by Dr. Harley Moon). Oocysts were produced in 2^3-day-old male neonatal Holstein calves (Bos tauris). Calves were given up to 2 l of colostrum from a bottle after birth, and fed milk replacer for 2^3 days prior to infection with C. parvum. Twelve hours prior to infection, milk replacer was withheld from the animals, and the calves inoculated with 1U10 8 C. parvum oocysts suspended in 2 l of deionized water. The calves were maintained on milk replacer for the following 3 days and then on electrolyte solution during fecal collection (starting 4 days post exposure and until termination).
At the onset of scouring, the feces were collected in tap water and sequentially passed through 10, 20, 60, 100, 200 and 400 mesh sieves (Fisher) by agitating and washing the sieves with 0.01% Tween 20 (v/v). Concentration of the particulates from the sieved feces was done by centrifugation at 1100Ug for 10 min. The puri¢cation of oocysts from pelleted fecal material was done using cesium chloride (CsCl) gradient ultracentrifugation. A CsCl gradient was prepared in a 40-ml Beckman polyallomer ultracentrifuge tube, and consisted of a bottom layer (7 ml of 1.4 g ml 31 CsCl), middle layer (11 ml of 1.1 g ml 31 CsCl) and a top layer (9 ml of 1.05 g ml 31 CsCl). Approximately 5 ml of the parasite material was gently layered on top of the CsCl gradient and centrifuged at 16 000Ug for 60 min using a swinging-bucket rotor (SW-28) at the slow brake setting (Beckman L7-55 ultracentrifuge). After centrifugation, the band containing the puri¢ed oocysts was removed using a pipette and placed in 50-ml polypropylene tubes. The tubes were ¢lled with deionized water and the oocysts washed twice by centrifugation at 14 500Ug for 10 min using a ¢xed-angle SS-34 rotor of a high-speed centrifuge (Sorval, RC5-B centrifuge). After the ¢nal washing step the oocysts were suspended in deionized water containing 100 U ml 31 penicillin, 100 Wg ml 31 streptomycin, 100 Wg ml 31 gentamicin, 0.01% Tween 20, and stored at 4³C prior to use in the experiments.
In cases where low numbers of parasites were found in fecal samples, oocysts were concentrated in fecal material using sucrose £otation before CsCl gradient centrifugation. A 50-ml conical centrifuge tube was ¢lled with 30 ml of sucrose solution (1320 g l 31 of water) onto which 5^9 ml of emulsi¢ed feces was layered. The tubes were mixed by inversion and centrifuged at 800Ug for 10 min at 4³C. The oocysts found at the feces^sucrose interface were removed using a pipette and diluted ¢ve times using deionized water containing 0.01% Tween-20. The oocysts were washed three times in deionized water containing 0.01% Tween-20 at 2800Ug for 20 min at 4³C. This enriched fecal suspension containing the oocyst was then layered onto CsCl gradient as described above.
Oocysts were used within 90 days of isolation in all experiments. The oocyst concentration in the suspension was determined by quadruplicate counts using a hemocytometer. In our studies, C. parvum oocysts were never exposed to 2.5% potassium dichromate or sodium hypochlorite, as is commonly done, in order to minimize oxidative damage incurred on the oocysts by this treatment.
In vitro excystation protocols
Two commonly used methods of in vitro excystation were used in our studies. The ¢rst method is that described by Black et al. [12] . Brie£y, 2U excystation medium was made by dissolving 150 mg of sodium taurocholate (KpK Laboratories, Inc.) and 50 mg of trypsin (British Drug Houses Ltd.) in 5 ml of Dulbecco's phosphate-bu¡ered saline (PBS). Ten million parasites, suspended in 500 Wl of PBS, were added to 500 Wl of 2U excystation medium and vortexed vigorously. The parasite suspension was incubated at 37³C for 1 or 3 h, and subsequently at room temperature for 30 min. Parasites were pelleted by centrifugation (10 000Ug for 10 min), and the parasites resuspended in PBS.
The second method of in vitro excystation used in our studies was that described by Rennecker et al. [5] . Excystation medium contained 1.5% taurocholic acid and 0.5% trypsin dissolved in Hanks' balanced salt solution. 2 ml of excystation medium was added to 1U10 8 oocysts suspended in 0.2 ml of PBS. The parasite suspension was vigorously mixed and incubated at 37³C for 1 or 3 h. The parasite suspension was centrifuged at 1120Ug and the supernatant aspirated. The parasite pellet was resuspended in PBS and subjected to £ow cytometric analysis.
Isolation of non-excysted oocysts
Non-excysted oocysts were separated from partially excysted oocysts and shells using £ow cytometry. The £ow cytometer settings for these experiments were as follows : forward light scatter photodiode setting = 00 and amp gain = 4.00, log mode 2; side light scatter (SCH) photomultiplier setting = 402. Intact oocysts were sorted into a cell concentrator module (Becton Dickinson) containing a 25-mm tissue cell culture insert (pore size 1 Wm, Becton Dickinson). The tissue culture insert had been previously incubated with 1% bovine serum albumin (BSA) for 30 min in order to block adsorption of parasites to the membrane and ensure e¤cient recovery of the parasites. Oocysts were sorted at a low £ow rate (V12Wl min 31 ) in an EXCLUSION sort mode (V95% sort accuracy). Intact oocysts were inoculated into neonatal CD-1 mice for infectivity assessment (50 or 500 oocysts per mouse). Infections in neonatal mice were determined 7 days after exposure to C. parvum oocysts using the methods described below.
Animal infectivity assays
A neonatal mouse model was used to evaluate infectivity of C. parvum oocysts [9^11, 13] . Breeding pairs of CD-1 mice were obtained from Charles River Breeding Laboratories (St. Constant, Que., Canada). The animals were given food and water ad libitum and were housed in cages with covers ¢tted with a 0.22-Wm ¢lter in a speci¢c pathogen-free (P-2 level) animal facility.
Oocyst doses were prepared from the stock suspension by serial dilution to obtain the required number of parasites. The actual dose given to individual mice was con¢rmed by quadruplicate hemocytometer counts of the ¢nal parasite suspensions. Five-day-old neonatal mice were inoculated intragastrically with 50 Wl of deionized water containing a known number of oocysts. Intragastric inoc- Fig. 1 . Flow cytometric pro¢les of intestinal homogenates from uninfected and C. parvum-infected neonatal CD-1 mice. A £ow cytometric region (R1) was de¢ned by the parameters of size (FSC-H) and internal complexity (SSC-H) from a puri¢ed C. parvum oocyst stock suspensions (upper left dot plot). This region was used to de¢ne an area in £ow cytometric pro¢les of intestinal homogenates of mice where C. parvum oocysts would most likely be found (lower left dot plot). This region was then analyzed using intestinal homogenates from mice stained with £uorescein-labelled anti-C. parvum monoclonal antibody. Oocysts in infected mouse intestinal homogenates were de¢ned by region 2 (R2). Table 1 The infectivity of sorted non-excysted C. parvum oocysts in CD-1 mice ulations were done using a 24-gauge ball-point feeding needle (Popper and Sons). One hour prior to infection, the neonatal mice (5 days old) were taken away from mothers to ensure that their stomachs were empty and ready to receive the intragastric inoculum of C. parvum. In addition, neonates from multiple litters were pooled and randomly selected for infection, in order to minimize variability introduced by inherent resistance or susceptibility of neonatal littermates to infection with C. parvum. C. parvum infections in mice were assessed by staining mouse intestinal homogenates with a £uorescein-labelled anti-C. parvum monoclonal antibody (Immucell, Portland, ME, USA) and using £ow cytometry to detect the presence of £uorescent oocysts (FACSCalibur, Becton Dickinson). Mice were killed by cervical dislocation and the lower half of the small intestine, cecum, and colon removed and placed in 10 ml of deionized water. The intestines were homogenized for 45^60 s in a Sorvall 0 OmniMixer and washed once with deionized water containing 0.1% Tween 20 at 2000Ug for 15 min. The supernatant was discarded and the cell pellet disrupted by vigorous mixing. 20 Wl of the viscous pellet was pipetted into a 35-Wm sieve ¢tted onto a 6-ml polystyrene tube (Becton Dickinson), and the sieve £ushed with 400 Wl of 1% BSA (fraction V, Boehringer Mannheim) in PBS. The strained suspension was incubated for 15 min at room temperature in order to block non-speci¢c adsorption of monoclonal antibodies to intestinal contents. 100 Wl of a 1:400 dilution of a £uorescein-labelled anti-C. parvum monoclonal antibody was added to each of the tubes and incubated at 37³C for 30 min (¢nal antibody dilution = 1:2000). Detection of C. parvum oocysts was done using a FACSCalibur £ow cytometer programmed under the following settings: (1) forward light scatter photodiode setting = 00 and amp gain = 4.00, (2) side scatter photomultiplier setting = 402, and (3) FL1 photomultiplier setting = 470. Fifty thousand events were collected for each sample. A stock oocyst suspension was used to de¢ne a region based on size (i.e. forward light scatter) and internal complexity (i.e. side scatter) of C. parvum oocysts. This de¢ned region was subsequently used to discriminate potential oocysts in mouse intestinal homogenates. An additional criterion (i.e. gate) within this region was de¢ned based on the £uorescent staining intensity (i.e. FL1) of particles within this region. Thus, oocysts were discriminated from other intestinal particulate material having the same size and internal complexity based on the acquisition of speci¢c anti-C. parvum £uorescence labelled mAbs on their surface (Fig. 1) .
To identify C. parvum-infected mice from uninfected mice using £ow cytometry, intestinal homogenates from 20 mice never exposed to C. parvum were processed along with the intestinal homogenates of 157 mice exposed to C. parvum. The percent of events segregating to region 2 from these control mice ranged from 0 to 1.25% (Fig. 1) . Mouse homogenates having gated events greater than this upper limit were scored as infected, and those less than or equal to this value were scored as non-infected. When compared to the traditional method of examining mouse intestinal homogenates using phase contrast and epi£uor-escence microscopy [9, 12, 13] , the two techniques gave comparable results. The distinct advantage of £ow cytometry over conventional microscopy for the assessment of mouse infectivity was that the £ow cytometric method was considerably less labor-intensive: £ow cytometry required approximately 20^30 s for the evaluation of a single sample, compared with microscopy which required about 10^15 min.
Results
Non-excysted oocysts could be distinguished from partially excysted oocysts and shells using forward light scatter and side light scatter as discriminating parameters of £ow cytometry (Fig. 2) . Preparations enriched for nonexcysted oocysts were obtained using the sorting capabilities of the £ow cytometer (Fig. 2) .
Non-excysted oocysts were found to be highly infectious to neonatal CD-1 mice, regardless of the assay used to excyst the parasites in vitro (Table 1) . Interestingly, the proportion of mice that were infected after inoculation with non-excysted parasites was similar to that observed for control groups inoculated with original stock preparations of oocysts (Table 1) . Although longer incubation times increased the percent excystation of stock oocyst preparations (data not shown), the remaining non-excysted population remained highly infectious to neonatal mice ( Table 1) . Infection of neonatal CD-1 mice could not be attributed to contaminating sporozoites, since they were not observed in at least two non-excysted sorted preparations using phase contrast microscopy.
Discussion
Excystation of protozoan parasites, such as C. parvum and Giardia spp., is complex, consisting of a number of biochemical signalling mechanisms that initiate infection of a susceptible host. Both host-and parasite-derived components have been shown to play integral roles in the excystation process. Host-derived factors such as pH, temperature, ion content, bile salts, reducing agents, and proteases play instrumental roles for induction of excystation [14,18^19] . In vitro excystation protocols mimic these host-derived signals for induction of excystation.
Until recently, parasite-derived molecules have received little attention. It is known that for G. muris and C. parvum, activation of cysteine proteases is essential for induction of excystation [15, 16] . Encysted G. muris trophozoites possess two cysteine proteases, each related to the cathepsin B subgroup of enzymes, whose activation is essential for release of the trophozoite from the cyst [16] . These cysteine proteases localize to the cytoplasmic vacuoles of the trophozoite and translocate to the space between the trophozoite and the cyst to initiate internal degradation of the cyst wall [16] . Serine proteases of C. parvum have been implicated in the excystation of sporozoites from the oocyst [15] . Inhibitors of serine proteases such as phenylmethylsulfonyl £uoride and aprotinin have been shown to signi¢cantly inhibit excystation of C. parvum oocysts [15] . Arginine aminopeptidase, a sporozoite-derived enzyme, may also play an important role in excystation of sporozoites from the oocyst in C. parvum [17] .
In vitro excystation has been widely used as a viability indicator for Giardia spp. and Cryptosporidium spp. It is generally assumed that parasites that excyst in vitro are viable, whereas those that do not excyst are dead and noninfectious. Based on the results from this study, these assumptions are not valid for C. parvum. Using £ow cytometry, we sorted intact non-excysted oocysts following established in vitro excystation protocols and found that they readily infected neonatal CD-1 mice.
It is possible that the in vitro excystation conditions used in our experiments may not have induced maximal excystation in our isolate of C. parvum (i.e. Iowa strain). Evidence from the literature suggests that di¡erent isolates of C. parvum may require di¡erent biochemical signals for induction of maximal excystation [14, 18, 19] . Nevertheless, the in vitro conditions used in our experiments represent common procedures used by ourselves and others for excystation of C. parvum oocysts [5, 6, 12] . Thus, our results suggest that in vitro excystation is not a reliable indicator of the viability or infectivity of C. parvum oocysts.
The ¢ndings from this study also have important implications for assessment of viability or infectivity of C. parvum oocysts using cell culture infectivity assays [20^23] . In these assays, oocysts are excysted in vitro and the parasite suspension inoculated onto monolayers of HCT-8 ileocarcinoma cells. Excysted sporozoites rapidly enter the epi-thelial cell monolayers, and the non-excysted oocysts are removed by washing the cell cultures. Infections are assessed using antibodies to the developmental stages of C. parvum [20] , polymerase chain reaction (PCR [21, 22] ), or reverse transcription-PCR [23] . Therefore, in vitro excystation is a prerequisite for obtaining infectious sporozoites for cell culture infectivity assays. We have observed that the excystation rates of freshly isolated oocysts can vary between 65% and 90% for a given batch of the oocysts, indicating that a signi¢cant proportion of the oocysts that may be infectious will not excyst in vitro. Therefore, the sensitivity of the cell culture infectivity assays may be limited by the excystation conditions used to obtain infectious sporozoites. The problem is further compounded by the observation that di¡erent isolates may require di¡erent biochemical signals for excystation [14, 18, 20] . Furthermore, it is possible that environmentally resilient oocysts (those responsible for periodic outbreaks of cryptosporidiosis) may be highly resistant to in vitro excystation, since these oocysts are continuously exposed to a barrage of microenvironmental stimuli including ion and pH £uctuations, reducing agents, and degradative enzymes. Flow cytometry appears to be a useful tool for identifying optimal conditions that induce maximal excystation of C. parvum oocysts and can be used, in conjunction with animal infectivity, to validate the assumption that non-excysted parasites are non-viable and non-infectious. Until these assumptions are validated, extreme caution should be used when interpreting data relating in vitro excystation to the viability or infectivity of C. parvum.
